Abstract : Glycerol in wines is at levels of 1 to 10 g/l and improves their body. To breed wine yeast for increased glycerol production, we crossed yeast isolated from natural fermentations with a commercial strain. The average glycerol concentration of 187 wine yeast strains was 4.2 g/l. Strain Ba25 had the highest glycerol production and a spore clone of Ba25 was crossed with one of Premier Cuvée, the best commercial strain, by spore-spore pairing and this was repeated three times. Several of the spore clones produced >15 g/l of glycerol. Glycerol and ethanol levels were inversely related.
INTRODUCTION
After water and ethanol, glycerol is the most abundant constituent of wines and this compound can affect the quality of wine in a positive way. As a viscous, oily compound with a slightly sweet taste, glycerol is thought to contribute to the body and smoothness of wines (EUSTACE and THORNTON, 1987 ; RANKINE and BRIDSON, 1971) . Grape musts contain less than 1 g/l of glycerol whereas, concentrations in wine are between 1 and 10 g/l as a result of the fermentation process MATTICK and RICE, 1970 ; OUGH et al. 1972 ; RANKINE and BRIDSON, 1971) . The threshhold for detection of glycerol in water was reported to be between 3.8 and 4.4 g/l and in wine the threshold was 5.2 g/l (NOBLE and BURSICK. 1984) . The threshhold in wine may be increased by increasing ethanol concentrations and by the degree of acidity . At these concentrations, only the sweetness of glycerol is detected because concentrations greater than 25 g/l are required before there is a marked change in the viscosity of the wine (NOBLE and BURSICK, 1984) .
A number of factors may affect the glycerol concentrations in wine. These include : 1-the grape variety and sugar concentration (RANKINE and BRIDSON, 1971) , 2-the strain of S. cerevisiae used (EUSTACE and THORNTON, 1987 ; RANKINE and BRIDSON, 1971) , 3-must pH and fermentation temperature RANKINE and BRIDSON, 1971) , 4-sulfur dioxide concentration (RANKINE and BRIDSON, 1971 ) and 5-nitrogen source (ALBERS et al., 1996 ; RADLER and SCHÜTZ, 1982) . The influence of these various factors on glycerol production in wine is complex because they interact with each other (GARDNER et al., 1993 ; SCANES et al., 1998) .
It is of considerable interest to the wine industry to have available yeast strains that produce more glycerol during wine fermentations. Two approaches have been tried to achieve this goal : 1-molecular approach using cloning and transformation and 2-breeding for increased glycerol production.
The genes involved in glycerol synthesis and accumulation recently have become better understood (ALBERTYN et al., 1994 ; ERIKSON et al., 1995 ; LUYTEN et al., 1995) . This has led to development, using molecular techniques, of strains of S. cerevisiae with increased glycerol production (DE BARROS et al., 1996 ; MICHNICK et al., 1997 ; NEVOIGT and STAHL, 1996) . Also, selective breeding of S. cerevisiae from culture collections has led to the development of strains that produce more glycerol (EUSTACE and THORNTON, 1987 ; OMORI et al., 1995) . EUSTACE and THORNTON and OMORI and coworkers were able to obtain significant increases in glycerol production by breeding. However, ZAMBONELLI et al. (1994) also made crosses between strains but the segregants nearly all produced glycerol levels intermediate between those of the two parental strains. Diverse strains of wine yeast isolated from natural wine fermentations have, however, not been evaluated for glycerol production and have not been used in breeding programs designed to increase glycerol concentrations. This study demonstrates that such natural strains are a valuable source of genetic material for breeding programs.
MATERIALS AND METHODS

I -YEAST STRAINS
The strains of S. cerevisiae used were obtained from the Yeast Genetics Stock Center, University of California, Berkeley, CA USA and from the research collection of one of us (RKM). These included three laboratory strains, six commercial strains of wine yeast, 28 strains obtained from natural fermentations carried out in Italy (MORTIMER et al., 1994) and 159 strains isolated from natural fermentations in California (MORTIMER, 1998) . We also used the commercial strains Prise de Mousse and Premier Cuvée, which were obtained from wineries. These two commercial strains appear to be identical (JOHNSTON et al., 1999) .
II -MEDIA AND CULTIVATION
The strains were inoculated in 1 ml of YPD broth (1 p. cent glucose, 2 p. cent peptone, 1 p. cent yeast extract) and grown overnight at 300°C with vigorous agitation. The cultures (0.5 ml) were transferred into 5 ml of YEP synthetic must (0.2 p. cent yeast extract, 2 p. cent peptone, 0.1 p. cent KH 2 PO 4 , 20 p. cent glucose, pH 3.2 (RADLER and SCHÜTZ, 1982) or into must prepared from Zinfandel grapes (Viano Winery, Martinez, CA). The cultures were incubated at 230°C for seven days without agitation. They were then centrifuged and the supernatants were saved for further analyses.
III -GENETIC PROCEDURES
The abilities of the strains to ferment sugars were tested on yeast extract -peptone agar plates containing the relevant sugar plus the pH indicator bromothymol blue and adjusted to pH 7.5 after sterilization. Fermentation-positive cultures form a surrounding yellow zone in a blue background. The other phenotypic properties of the strains were determined as previously described (MORTIMER and HAWTHORNE, 1969) . Spore-spore matings, zygote characterization and single spore isolations were carried out by micromanipulation as described by WINGE and LAUSTEN (1938) and ROMANO et al., (1995) . The parental strains in all matings were HO/HO and completely homozygous to ensure that the zygotes will all be the same relative to their nuclear constitution. Homothallism was scored by the ability of single spore clones to form asci. The breeding scheme used is described in figure 1.
IV -CHEMICAL ANALYSES
Glycerol concentrations were determined by using a glycerol test kit (Boehringer Mannnheim Cat. n°148270). Ethanol concentrations were determined either by using a test kit (Boehringer Mannheim Cat. n°176290) or were quantified by gas chromotography using a Hewlett-Packard Model 5710A gas chromatograph. Acetic acid, acetaldehyde, acetoin and 2,3-butanediol were determined by gas chromotography (PRIOR et al., 1980) . Statistical analyses were performed using the Sigma Graphical program (Jandel Scientific).
RESULTS
The average glycerol concentration produced by 187 strains of S. cerevisiae which had been allowed to ferment YEP broth for 7 days was 4.2 g/l. The distribution of glycerol values produced by these strains is shown in figure 2 and these values ranged between 1.5 g/l and 5.6 g/l. The mean glycerol concentration produced by the three laboratory strains was 2.0 g/l (range 1.5 to 2.5 g/l). The six commercial strains had a mean of 3.9 g/l (range 3.3 to 4.5 g/l) (table I) . These values are similar to those observed in various wines (MATTICK and RICE, 1970 ; OUGH et al., 1972, RANKINE and BRIDSON, 1971) .
A selection of strains was examined in greater detail for their abilities to produce glycerol and ethanol using Zinfandel grape must ( must and Zinfandel must. The commercial strains and the strains isolated from natural fermentations produced both higher glycerol and ethanol concentrations in the Zinfandel must than in the synthetic must and the ratio of ethanol/glycerol was lower in the Zinfandel must than in the synthetic must indicating that the medium can affect the balance between these two products of fermentation. Numerous factors, including temperature, pH and nitrogen source, can affect this ratio (PRIOR and HOHMANN, 1997) .
The commercial wine yeast strains Prise de Mousse and Premier Cuvée plus two strains isolated from natural wine fermentations, Ba25 and Bb25 (table I), were selected for the breeding program. These strains were sporulated and at least five asci were dissected from each strain. The spore clones were evaluated for the following abilities : 1) to produce glycerol and ethanol in synthetic must, 2) their segregation patterns for fermentation of sucrose, maltose and galactose, 3) their abilities to grow on minimal medium, 4) their resis- tance/sensitivity to copper ion, 5) their abilities to grow on a nonfermentable carbon source, 6) the production of sulfides and 7) their abilities to sporulate. If a spore clone is able to sporulate, that is taken as evidence that this clone carries HO, the homothallism gene (MORTIMER et al., 1994) . All spore clones fermented sucrose and maltose and none was petite. The natural wine strains but not the commercial strains fermented galactose.
In our breeding scheme (figure 1), we wanted to use HO/HO spore clones as parental material because they would be completely homozygous and all zygotes from a given cross should be identical, except possibly for some cytoplasmic components. In addition, we wanted at least one phenotypic difference between the two parents so the formation of a zygote could be confirmed in subsequent genetic analyses. We selected spore 25A from Premier Cuvée (PC-25A) and spore 3C from Ba25 (Ba25-3C) as parents for our first cross, XPB1. Both parents sporulated and PC-25A was galactose nonfermenting and Ba25-3C was galactose fermenting. Spores were paired using a micro manipulator and at least 15 such pairs were set up for each cross.
Only about 1 in 7 such pairs will form a zygote (WINGE and LAUSTEN, 1938) . The spore pairs were observed about once every hour until the pair had either formed a zygote or had started to bud. This is an essential step because zygotes can also be formed by either parental spore by homothallic switching (JENSEN et al., 1983) . We selected only « primary zygotes » which were formed by the union of the original two spores.
For Cross XPB1, we examined 18 spore pairs and obtained 2 zygotes. One of these zygote clones was sporulated, 10 asci were dissected and 28 viable spore clones were obtained. The spore clones from these asci were tested for glycerol and ethanol production and for the other traits scored in the parents. Galactose fermentation segregated in a 2:2 fashion indicating that the zygote was formed by a union of the original two spores and was not due to homothallic switching. The range of glycerol concentrations produced by the spores from XPB1 was 5.3 to 14.1 g/l with a mean of 9.0 g/l which is higher than that of the parents (table II) .
A spore clone from XPB1, XPB1-8B, that had a low ethanol/glycerol ratio and a high glycerol concen- tration was selected and was backcrossed to PC-25A. This cross was called XPB2. A total of 35 spore pairs were set up and 2 zygotes were obtained. One zygote clone was examined genetically and it segregated 2:2 for galactose fermentation confirming that the zygote was a primary zygote. A total of 51 spore clones were derived from 16 asci dissected from this cross and they produced glycerol concentrations in the range 5.2 to 16.6 g/l with a mean of 9.2 g/l (table II) .
A spore clone from XPB2, XPB2-2D, was again selected and backcrossed to PC-25A to form hybrid strain XPB3. Seventy one spore pairs were examined and three zygotes were obtained. However, two of these three zygote clones segregated for only one parental phenotype which indicated that karyogamy had failed in these spore unions. The third zygote clone, which segregated for galactose fermentation, was considered to be a primary zygote. Five tetrads were dissected from this zygote clone (XPB3) and 20 spore clones were obtained. These produced glycerol with a range of 4.9 to 18.1 g/l with a mean of 11.5 g/l. Among the spore clones from XPB3 are several that produce in excess of 15 g/l of glycerol and have ethanol/glycerol ratios of less than 5 (table III) .
It is interesting to note that the frequencies of successful matings in XPB2 and, in particular, in XPB3 are much lower than found for XPB1. In previous studies (WINGE and LAUSTEN, 1938 ; ROMANO et al., 1995) approximately one in seven spore pairings formed a primary zygote. We believe this reduction could be due to cryptic mutations in one of the parents that interfere with matings. These mutations could be in the ste (sterile) or kar (karyogamy) genes that were heterozygous in Premier Cuvée and became homozygous in PC-25A. Back crosses to this strain would allow more of these mutations to be homozygous and expressed.
The spore clones from XPB3 segregate in a 2:2 fashion for the level of glycerol production indicating that the differences between these levels is controlled by a single gene. This segregation pattern was also observed for the ethanol/glycerol ratio. A plot of ethanol vs glycerol concentrations in the 20 fermentations by the spore clones from XPB3 (table III) is shown in figure 3 . The inverse relationship shows that for each mole of glycerol formed, two moles of ethanol are not formed. This 1:2 ratio is the same as the ratio of the molecular weights of the two compounds, i.i. ethanol -46, glycerol -92
We wanted to see if other products may also be inversely related to ethanol production. This led us to examine in more detail the fermentation products of the original parents, Premier Cuvée and Ba25 as well as the four spores from ascus XPB3-5 when allowed to ferment in glucose YEP medium for 210 hours. Acetic acid and acetaldehyde concentrations produced by the two parents and the four spores were similar (0.07 to .0.21 g/l for acetic acid and 0.03 to 0.05 g/l for acetaldehyde). However, for acetoin and 2,3-butanediol production, there were differences. The two spores that produced the most glycerol, XPB3-5B and XPB3-5C, also produced thigher concentrations of these two compounds (table III) .
DISCUSSION
These results confirm and extend the data of previous workers who showed that yeast strains could be bred to enhance the levels of glycerol produced (EUSTACE and THORNTON, 1987 ; MICHNICK et al., 1997) . Our experimental strategy, however, has led to the development of strains that are able to produce even higher levels of glycerol than those previously reported. This perhaps indicates that selection of strains from natural fermentations may be an important source of genetic diversity for breeding. Also, our breeding strategy of repeated backcrosses to a commercial strain may have played a role in achieving these higher levels.
In contrast to the findings of OMORI et al. (1995) who found that their hyper-glycerol producing strains produced by breeding were also more salt tolerant, our high glycerol strains did not appear to be more halo- tolerant than the parental strains (data not shown). The concentrations of other products found in the fermentations, however, may pose problems for their use in wine making. Acetic acid concentration was near the upper limit (0.3 g/l) above which it is undesirable for the taste and odor of wines. Acetaldehyde levels were high but below the limit of 100 mg/l considered to cause off-odors.
Other workers have had success in producing higher glycerol levels by molecular manipulation of yeast strains using the genes encoding cytosolic glycero ; -3-phosphate dehydrogenase (GPD1 and GPD2). Wine yeast overexpressing GPD1 (under the control of the ADH1 promoter) and GPD2 produced 28.6 g/l (MICHNICKet al., 1997) and more than 18 g/l of glycerol (DE BARROS et al., 1996 , respectively. Most yeast produce less than 10 g/l of glycerol during a fermentation (ANSELL et al., 1997) . Strains with the ability to produce such high levels could be used to make wines with more interesting sensory properties as well as producing lower ethanol levels. In a strain engineered to overproduce glycerol (MICHNICK et al., 1997) there were significant increases in acetic acid (threefold), acetaldehyde (at least two-fold), acetoin (at least sixty-fold) and 2,3-butanediol (1.5 fold), respectively. when compared to control yeast (SCANES et al., 1998 ). An additional problem with the use of bio-engineered yeast is the lack of general acceptability by the industry.
In cross XPB3, there was a 2:2 segregation in each ascus for the levels of glycerol production. Since this cross was the result of a cross of a natural strain to a particular strain, PC-25A, and two back-crosses to the same strain, one would expect that most genes that affect glycerol production to be either homozygous dominant or homozygous recessive. Apparently at least one gene that affected this pathway was still heterozygous and this gave the segregation that was observed. It is very likely that additional crosses could lead to different mixtures of homozygous dominant, homozygous recessive and heterozygosity of the genes affecting this pathway and that could also be interesting. In 
CONCLUSION
The use of classical genetic procedures to breed yeast strains to produce higher levels of glycerol appears to be feasible and preferable to the use of molecular techniques to achieve similar results. These strains should be of considerable interest to the wine industry because they lead to the production of wine with greater body and in addition can be used to produce wines with lower ethanol content for a given sugar content of the must.
